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Quantum devices for sensing and computing applications require coherent quantum systems which 
can be manipulated in a fast and robust way [1] . Such quantum control is typically achieved using 
external electric or magnetic helds which drive the system’s orbital [2, 3] or spin [4, 5] degrees of free¬ 
dom. However, most of these approaches require complex and unwieldy antenna or gate structures, 
and with few exceptions [6, 7] are limited to the regime of weak driving. Here, we present a novel ap¬ 
proach to strongly and coherently drive a single electron spin in the solid state using internal strain 
helds in an integrated quantum device. Specihcally, we study individual Nitrogen-Vacancy (NV) 
spins embedded in diamond mechanical oscillators and exploit the intrinsic strain coupling between 
spin and oscillator [8-10] to strongly drive the spins. As hallmarks of the strong driving regime, 
we directly observe the energy spectrum of the emerging phonon-dressed states [11, 12] and employ 
our strong, continuous driving for enhancement of the NV spin coherence time [13]. Our results 
constitute a hrst step towards strain-driven, integrated quantum devices and open new perspectives 
to investigate unexplored regimes of strongly driven multi-level systems [14, 15] and to study exotic 
spin dynamics in hybrid spin-oscillator devices [16, 17]. 


The use of crystal strain for the manipulation of single 
quantum systems (“spins”) in the solid state brings vi¬ 
tal advantages compared to established methods relying 
on electromagnetic helds. Strain helds can be straight¬ 
forwardly engineered in the solid state and can ohFer a 
direct coupling mechanism to embedded quantum sys¬ 
tems [8, 18, 19]. Since they are intrinsic to these sys¬ 
tems, strain helds are immune to drifts in the coupling 
strength. Additionally, strain does not generate spurious 
stray helds, which are unavoidable with electric or mag¬ 
netic driving and which can cause unwanted dephasing or 
heating of the environment. Furthermore, coupling quan¬ 
tum systems to strain offers attractive features of funda¬ 
mental interest. For instance, strain can be used to shut¬ 
tle information between distant quantum systems [19], 
and has been proposed to generate squeezed spin ensem¬ 
bles [17] or to cool mechanical oscillators to their quan¬ 
tum ground state [20] . These attractive perspectives for 
strain-coupled hybrid quantum systems motivated recent 
studies of the inhuence of strain on NV centre electronic 
spins [9, 10, 21] and experiments on strain-induced, co¬ 
herent driving of large NV spin ensembles [8] . Promot¬ 
ing such experiments to the single spin regime, however, 
remains an outstanding challenge, and would constitute 
a major hrst step towards the implementation of inte¬ 
grated, strain-driven quantum systems. 

Here, we demonstrate the coherent manipulation of a 
single electronic spin using time-periodic, intrinsic strain 
helds generated in a single-crystalline diamond mechani¬ 
cal oscillator. We show that strain allows us to manipu¬ 
late the spin in the strong driving regime, where the spin 
manipulation frequency signihcantly exceeds the energy 
splitting between the two involved spin states, and we 
employ this strong drive to protect the spin from environ¬ 
mental decoherence. Our experiments were performed on 


electronic spins in individual Nitrogen-Vacancy (NV) lat¬ 
tice point defect centres, embedded in single-crystalline 
diamond cantilevers. The negatively charged NV centres 
we studied have a spin S = 1 ground-state with basis 
states {|0), | —1), 1+1)}, where \ms) is an eigenstate of 
the spin operator Sz along the NV’s symmetry axis, ^ 
(Fig. la). The energy dihFerence between |±1) and |0) is 
given by the zero-held splitting Dq = 2.87 GHz. The lev¬ 
els 1+1) are split by 27 nv^nv (with 7 nv = 2.8 MHz/G) 
in a magnetic held applied along 2 :. Hyperhne inter¬ 
actions between the NV’s electron and ^^N nuclear spin 
{1 = 1 and quantum number mi) further split the NV 
spin levels by an energy Ahf = 2.18 MHz into states 
(Fig. la) [22]. In our experiments, we use opti¬ 
cal excitation and huorescence detection to initialise and 
optically read out the NV spin [23] with a homebuilt con- 
focal optical microscope [9] (Methods). Furthermore, we 
use microwave magnetic helds to perform optically de¬ 
tected electron spin resonance (ESR) (Fig. lb) and ma¬ 
nipulate the NV’s electronic spin states. 

Goherent strain driving of NV spins is based on the 
sensitive response of the NV spin states to strain in the 
diamond host lattice. For uniaxial strain applied trans¬ 
verse to the NV axis, the corresponding strain-coupling 
Hamiltonian takes the form [17, 22] 

= -hg^ {a + at) (5^ + Sl) . (1) 

Here, h is Planck’s constant, the transverse single¬ 
phonon strain coupling strength and *§+(_) and a^{a) are 
the raising (lowering) operators for spin and phonons, 
respectively. Transverse strain thus leads to a di¬ 
rect coupling of the two electronic spin states | —1) 
and 1+1) [9] and in the case of near-resonant, time- 
varying (AG) strain, can coherently drive the transi¬ 
tions | —l,m/) |+l,m/)[8]. For a classical (coher¬ 

ent) phonon held at frequency Ci;^/27r, Eq. (1) can be 
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FIG. 1: Experimental setup and strain-induced co¬ 
herent spin drive, a Energy levels of the NV spin as a 
function of magnetic field applied along the NV axis. Elec¬ 
tronic spin states \ms = =1=1) each split into three levels due to 
hyperfine interactions with the NV’s nuclear spin (/ = 1, 
Auf = 2.18 MHz). Wavy lines indicate strain (red) and mi¬ 
crowave (violet) fields of frequency u and strength Q. b Op¬ 
tically detected electron spin resonance of a single NV centre, 
c Experimental setup. NV spins (red) are coupled to a can¬ 
tilever which is resonantly driven at frequency ujm by a piezo¬ 
element. The NV spin is read out and initialised by green 
laser light and manipulated by microwave magnetic fields gen¬ 
erated by a nearby antenna, d Pulse sequence employed to 
observe strain-induced Rabi oscillations, e Strain-driven Rabi 
oscillations. Data (blue) and a fit (black) to damped Rabi os¬ 
cillations. 


written as /iO^/27r cos (cu^t) (5'^ + S'?.), where = 
QqXcIxzpf describes the amplitude of the strain drive, 
with xzpF and Xc the cantilever’s zero-point fluctuation 
and peak amplitude, respectively. Interestingly, strain 
drives a dipole-forbidden transition (Am^ = 2), which 
would be inaccessible e.g. using microwave fields. 

In order to generate and control a sizeable AC strain 
field for efficient coherent spin driving, we employed a 
mechanical resonator in form of a singly-clamped, single¬ 
crystalline diamond cantilever [9] , in which the NV cen¬ 
tre is directly embedded (Fig. Ic and Methods). The 
cantilever was actuated at its mechanical resonance fre¬ 
quency cu^/27r = 6.83 ± 0.02 MHz using a piezo-element 
placed nearby the sample. We controlled the detuning 
between the mechanical oscillator and the | —1) |+1) 


FIG. 2: Mechanically induced Autler-Townes effect 
probed by microwave spectroscopy, a Eigenenergies 
of the joint spin-phonon system with basis-states \ms]N) 
as a function of the spin splitting Strain couples 

|1;V) and | —1;V+1) and, whenever the resonance condi¬ 
tion = (Xm is fulfilled, leads to new eigenstates | + (iV)) 

and \ — {N)) with energy splitting Qrn (see text), b Mi¬ 
crowave spectroscopy of phonon-dressed states using a weak 
microwave probe at Ct;MW- For mi = — 1,0 and 1, resonance 
is separately established at Hnv ~ 0.9,1.6 and 2.3 G. c De- 
pendance of the energy gap between |+(V)) and | —(iV)) on 
mechanical driving strength. As expected, the gap scales lin¬ 
early with Qrn for each hyperfine state. Data was recorded 
over a parameter range indicated by white dashed lines in b. 


spin transition by applying an adjustable external mag¬ 
netic field along the NV axis (Fig. la and Methods). 

To demonstrate coherent NV spin manipulation us¬ 
ing resonant AC strain fields, we first performed strain- 
driven Rabi oscillations between | —1) and |+1) for a given 
hyperfine manifold (here, rui = 1). To that end, we ini¬ 
tialised the NV in | —1,1) by applying an appropriate se¬ 
quence of laser and microwave pulses (Fig. Id, inset). We 
then let the NV spin evolve for a variable time r, under 
the influence of the coherent AC strain field generated by 
constantly exciting the cantilever at a fixed peak ampli¬ 
tude Xc ^ 100 nm (Supplementary Information). After 
this evolution, we measured the resulting population in 
| —1,1) with a pulse sequence analogous to our initiali¬ 
sation protocol. As expected, we observe strain-induced 
Rabi oscillations (Fig. Id) for which we find a Rabi fre¬ 
quency ll^/27r = 1.14 ±0.01 MHz and hardly any damp¬ 
ing over the 30 /is observation time. Importantly and 
in contrast to a recent study on NV ensembles [8] , this 
damping timescale is not limited by ensemble-averaging, 
since our experiment was performed on a single NV spin. 

We obtain further insight into the strength and dynam¬ 
ics of our coherent strain-driving mechanism from ESR 
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FIG. 3: Dressed-state spectroscopy of the strongly 
driven NV spin, a Microwave spectroscopy of the mechan¬ 
ically driven NV spin at Bnv = 1.8 G (i.e. ujm — as a 

function of drive strength Qrn- The resonantly coupled states 
(|±l,-hl)) at cjmw/Stt — Do = ±2.98 MHz first split linearly 
with Dnv and then evolve in a sequence of crossings and an- 
ticrossings with higher-order dressed states, indicative of the 
strong driving regime. The color scale is identical to the one 
used in Fig. 2b. b Galculated dressed-state energy spectrum 
(black lines). Golour scale: transition rates from \ms = 0) to 
the dressed states obtained by Fermi’s Golden rule (Meth¬ 
ods) . The red-shaded transitions correspond to the hyperfine 
manifold mi = ±1. 


spectroscopy of the strain-coupled NV spin states, |±1) 
and | —1). For this, we employed a weak microwave tone 
at frequency umw to probe the | 0 ) |± 1 ) transitions as 

a function of 5 nv in the presence of the coherent strain 
field (Fig. 2b). This field has a striking effect on the NV’s 
ESR spectrum in that it induces excitation gaps at fre¬ 
quencies ujmw ~ 27rDo = ±ci;^/2, i.e. at 5 nv ^ 0-9,1.6 
and 2.3 G. At these values of the AC strain field 
in the cantilever is resonant with a given hyperfine tran¬ 
sition, i.e. the energy splitting between | —1,772/) 

and I ±1,772/) equals TiuOm- The energy gaps which we 
observe in the ESR spectra under resonant strain driv¬ 
ing are evidence of the Antler-Townes effect [24] , which 
we here observe for the first time on a single spin in the 
microwave domain. 

The observed Antler-Townes splitting can be under¬ 
stood by considering the joint energetics of the NV spin 
states and the quantised strain field used to drive the 
spin [25] (Eig. 2a). The joint basis states \i;N) consist 
of NV spin states \i) dressed by N phonons in the can¬ 
tilever. Strain couples |±1;A/') to | —1;A/'±1) and leads 
to new eigenstates |±(A/')), which anti-cross on resonance, 
where |±(A^)) = (|±1; A^) ± | —1; ± l))/\/2 are split by 
an energy hftrn- As expected, this splitting increases lin¬ 
early with the driving field amplitude (Eig. 2c), which we 
control through the strength of piezo excitation. 

To investigate the limits of our coherent strain-induced 
spin driving and study the resulting, strongly driven 
spin dynamics, we performed detailed dressed-state spec¬ 
troscopy as a function of drive strength (Eig. 3a). To 
that end, we first set such that = oOm 


and then performed microwave ESR spectroscopy for 
different values of Eor weak driving, ^ 

the dressed states emerging from the resonantly coupled 
states | —1,1) and |±1,1) split linearly with The 

linear relationship breaks down for Qrn ^ due 

to multi-phonon couplings involving states which belong 
to different sub-spaces spanned by |±(A^)) and |±(M)), 
with N ^ M [25] . This observation is closely linked to the 
breakdown of the rotating-wave approximation [7] and in¬ 
dicates the onset of the strong driving regime we achieve 
in our experiment. 

Eor even larger Rabi frequencies Vtm , the dressed states 
evolve into a characteristic sequence of crossings and anti¬ 
crossings. The (anti-)crossings occur whenever Clrn = 
quJrni with q an odd (even) integer, and are related to 
symmetries of Hamiltonian (1) [25] (Supplementary In¬ 
formation). Our experiment clearly allows us to identify 
the q = I and q = 2 (anti-)crossings (Eig. 3a) and thereby 
demonstrates that we reside well within the strong driv¬ 
ing regime {Qrn > ^-ii) of ^ harmonically driven two- 
level system. We have carried out an extensive numerical 
analysis (Eig. 3b and Methods), which shows quantitative 
agreement with our experimental findings. Our calcula¬ 
tion further shows that over our range of experimental 
parameters, is linear in Xc and reaches a maximum 
of - 10.75 MHz. 

Strong coherent driving can be employed to protect a 
quantum system from its noisy environment and thereby 
increase its coherence times [13, 26-28]. Eor NV centre 
spins, decoherence is predominantly caused by environ¬ 
mental magnetic field noise [29] , which normally couples 
linearly to the NV spin through the Zeeman Hamilto¬ 
nian Hz = "fNvSzByv (Fig. la). Conversely, for the 
dressed states |±(A/')) we create by strong coherent driv¬ 
ing, {±{N) \ Hz \^{N)) = 0 and the lowest order cou¬ 
pling to magnetic fields is only quadratic (Fig. 2a). These 
states are thus less sensitive to magnetic field fluctuations 
and should exhibit increased coherence times, compared 
to the undriven NV. 

To demonstrate such coherence enhancement by con¬ 
tinuous driving [13], we performed Ramsey spectroscopy 
on our strongly strain-driven NV spin and compared 
the resulting dephasing times T 2 to the undriven case 
(Fig. 4). For this, we adjusted 5 nv such that = 

ujm and mechanically drove the NV with 0^/27r = 
1.86 MHz to induce phonon-dressing of the NV. We 
then used pulsed microwaves to perform Ramsey spec¬ 
troscopy on the two Antler-Townes split dressed states 
emerging from |772s = ±1,772/ = ±1). The resulting co¬ 
herence signal (Fig. 4a) decays on a timescale of T 2 = 
14.0 ± 0.6 / 2 S and shows beating of two long-lived os¬ 
cillations at 0.92 MHz and 1.04 MHz stemming from 
the two dressed states we address (Supplementary In¬ 
formation) . Compared to the bare NV dephasing time of 
T 2 = 3.6 ± 0.1 /2S (Fig. 4b), this demonstrates a signifi¬ 
cant enhancement of T 2 caused by our strong, mechanical 
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FIG. 4: Protecting NV spin coherence by strong me¬ 
chanical driving, a Spin coherence decay of |zb(A/')) (for 
mi = +1) as measured by Ramsey interferometry between the 
state I ms = 0) and the |ms = +1) —manifold, using the pulse 
sequence depicted on the top. The inset illustrates the NV 
spin’s eigenenergies as a function of Bnv and indicates the 
magnetic field and microwave frequencies employed (red dot) 
with respect to the dressed-state spectrum shown in Fig. 2b. 
b Measurement of NV spin coherence time in the un-driven 
case, as determined by Ramsey spectroscopy between |0, 0) 
and |1, 0), in the absence of mechanical driving. Inset as in a. 
The orange envelope indicates the coherence decay extracted 
from our fit. 


drive. 

Several factors contribute to the remaining dressed- 
state decoherence we observe: While our protocol decou¬ 
ples the NV from magnetic field noise, it renders it vul¬ 
nerable to fluctuations in electric field and strain. Strain 
field noise is dominated by the cantilever’s thermal mo¬ 
tion, which can be safely neglected (Supplementary In¬ 
formation). However, our shallow NVs might experience 
excess dephasing from surface electric fields [30] , whose 
precise noise spectral density and influence on NV spin 
decoherence is subject to current research. An additional 
residual dephasing might be induced by the remaining 
second-order coupling of magnetic field fluctuations to 
the NV spin [31] and could be suppressed further by in¬ 
creasing ftrn • A detailed analysis of these dephasing pro¬ 
cesses, along with their dependance on Clrn will be subject 
to further study. 

Our approach to strong coherent strain-driving of a sin¬ 
gle electronic spin will have implications far beyond the 
coherence protection and dressed-state spectroscopy that 
we have demonstrated in this work. By combining our 
strain-drive with coherent microwave spin manipulation, 
our NV spin forms an inverted three-level “A”-system, 
on which all three possible spin transitions can be co¬ 


herently addressed. This setting is known to lead to un¬ 
conventional spin dynamics [32, 33], which here could be 
observed on a single-spin basis and exploited for sensing 
and quantum manipulation of our hybrid device. Strain- 
induced AC Stark shifts can furthermore be employed to 
dynamically tune [34] the energies of the NV hyperfine 
states - an attractive perspective for the use of ^^N nu¬ 
clear spins as quantum memories [35] . The decoherence 
protection by strong driving we demonstrated will be im¬ 
pactful for any quantum technology where pulsed decou¬ 
pling protocols cannot be employed (such as DC electric 
field sensing). Further studies of the remaining decoher¬ 
ence processes under strong driving, which remain largely 
unexplored until now, offer another exciting avenue to be 
pursued in the future. On a more far-reaching perspec¬ 
tive, our experiments lay the foundation for exploiting 
diamond-based hybrid spin-oscillator systems for quan¬ 
tum information processing and sensing, where our sys¬ 
tem forms an ideal platform for implementing proposed 
schemes for spin-induced phonon cooling and lasing [36] 
or oscillator-induced spin squeezing [17]. 


METHODS 

Sample fabrication: Our cantilevers consist of 
single-crystalline, ultra-pure [001]-oriented diamond (El¬ 
ement Six, “electronic grade”), are aligned with the [110] 
crystal direction and have dimensions in the range of 
(0.2 — 1) X 3.5 X (15 — 25) /im^ for thickness, width and 
length, respectively. The fabrication process is based 
on recently established top-down diamond nanofabrica¬ 
tion techniques [37]. In particular, we use electron beam 
lithography at 30 keV to pattern etch masks for our can¬ 
tilevers into a negative tone electron beam resist (FOX-16 
from Dow Corning, spun to a thickness of ^ 500 nm onto 
the sample). The developed pattern directly acts as an 
etch mask and is transferred into the diamond surface by 
using an inductively coupled plasma reactive ion etcher 
(ICP-RIE, Sentech SI 500). To create cantilevers with 
vertical sidewalls, we use a plasma containing 50% argon 
and 50% oxygen (gas flux 50 seem each). The plasma 
is run at 1.3 Pa pressure, 500 W ICP source power, 
and 200 W bias power. NV centres in our cantilevers 
were created prior to nanofabrication by ^^N ion implan¬ 
tation with dose, energy and sample tilt of 10^^ cm“^, 
12 keV and 0°, respectively. Based on numerical simu¬ 
lations (using the “SRIM” software package), this yields 
an estimated implantation depth of ~ 17 nm. To cre¬ 
ate NV centres, we annealed our samples at high vac¬ 
uum (< 10“^ mbar) in a sequence of temperature steps 
at 400 °C (4 hours), 800 °C (2 hours) and 1200 °C (2 
hours) [38]. 

Experimental setup: Experiments are performed 
in a homebuilt confocal microscope setup at room tem¬ 
perature and at atmospheric pressure. A 532 nm laser 
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(NovaPro 532-300) is coupled into the confocal system 
through a dichroic mirror (Semrock LMOl-552-25). A 
microscope objective (Olympus XLMFLN40x) is used to 
focus the laser light onto the sample, which is placed on 
a micropositioner (Attocube ANSxyzlOO). Red fluores¬ 
cence photons are collected by the same microscope ob¬ 
jective, transmitted through the dichroic mirror and cou¬ 
pled into a single mode optical fibre (Thorlabs SM600), 
which acts as a pinhole for confocal detection. Photons 
are detected using an avalanche photodiode (Laser Com¬ 
ponents Count-250C) in Geiger mode. Scan control and 
data acquisition (photon counting) are achieved using a 
digital acquisition card (NI-6733). The microwave signal 
for spin manipulation is generated by a SRS SG384 signal 
generator, amplified by a Minicircuit ZHL-42W+ ampli¬ 
fier and delivered to the sample using a homebuilt near- 
held microwave antenna. Laser, microwave and detec¬ 
tion signals were gated using microwave switches (Mini¬ 
circuit Switch ZASWA-2-50DR+), which were controlled 
through digital pulses generated by a fast pulse generator 
(SpinGore PulseBlasterESR-PRO). Gating of the laser is 
achieved using a double pass acoustic optical modulator 
(Crystal Technologies 3200-146). Mechanical excitation 
of the cantilevers was performed with a piezoelectric el¬ 
ement placed directly below the sample. The excitation 
signal for the piezo was generated with a signal generator 
(Agilent 3320A). A three-axis magnetic held was gener¬ 
ated by three homebuilt coil pairs driven by constant- 
current sources (Agilent E3644A). 

Measurement procedure and error bars: ESR 
measurements were performed using a pulsed ESR 
scheme [39] , where the NV spin is hrst initialised in 
\ms = 0 ) using green laser excitation, then driven by a 
short microwave “7r-pulse” of length r (i.e., a pulse such 
that Omw^ = tt) and hnally read out using a second 
green laser pulse. Compared to conventional, continuous- 
wave ESR, this scheme has the advantage of avoiding 
power broadening of the ESR lines by green laser light 
and was therefore employed throughout this work. 

Our experiments were performed on three diherent 
NV centres in three diherent cantilevers: Data in Eigs. 1 
and 4 were obtained on NV #1, while Eigs. 2 and 3 were 
recorded on NVs #2 and #3, respectively. NVs #1 — 3 
all showed slightly diherent values of Dq due to vari¬ 
ations in static local strain and transverse magnetic 
helds. The zero-held splittings for these three NVs were 
Do = 2.870 GHz, 2.871 GHz and 2.8725 GHz, respec¬ 
tively. The values of uOm for the cantilevers of NVs #1 — 3 
were uJml^^Tr = 6.83,5.99 and 5.95 MHz, respectively. 

Throughout this paper, errors represent 95 % conh- 
dence intervals for the nonlinear least-squares parameter 
estimates to our experimental data. The only exception 
is the mechanical resonance frequency where error 
bars represent the linewidth of the cantilever resonance 
curves, which we measured optically in separate experi¬ 
ments. The actual error bars in determining ujm are sig- 


nihcantly smaller than the linewidth and do not inhuence 
the hndings presented in this paper. 

Simulations: Eollowing Ref. [ 12 ] we employ Eloquet 
theory to treat the time dependence of the strain-induced 
spin driving, coscj^t (5'^ + S'?.), beyond 

rotating-wave approximation (RWA), since it is expected 
to break down in the strong driving limit 
The key idea here is to map the Hamiltonian with pe¬ 
riodic time dependence on an infinite-dimensional, but 
time-independent Eloquet Hamiltonian 'Hi?. We can then 
solve the eigenvalue problem Hf \uj) = \uj) with 
standard methods to obtain quasi-energies hujj and cor¬ 
responding eigenvectors \uj). 

Treating the weak microwave drive up to second order 
in drive strength we find the rate for the system to leave 
the initial state with Eermi’s golden rule as [ 12 ] 

lfi \ ('^/l \Ui) P 

{ojf -Wi- Wp)2 + ^ 

with the microwave driving Hamiltonian Hmw = 
Smi ^^Mw(|+1,^/) (0,m/| + | —1,m/) (0,m/| + H.c.) 
with drive frequency ftuw- For the simulations shown in 
Eig. 3b we assumed an initial state \ui) = \ms = 0,m/) 
and linewidths ^fi = 7 = 1 MHz, and summed the re¬ 
sult incoherently over all nuclear spin quantum numbers 
mi e {-1,0,1}. 


p = 4e 
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Supplementary Information 


S3. Amplitude of cantilever excitation 


SI. Crossings and anticrossings and linearity of Xc 
with Qrn in Fig.3 of the main text 

Crossings and anticrossings: For an explanation of the 
series of crossings and anti-crossings observed in Fig. 3 
of the main text, it is convenient to introduce the new 
quantum number r]{ms^N) = _i^s/ 2 +a^-i/ 2 ^ analogy 
to the corresponding treatment of dressed states of atoms 
driven by radio frequency fields [25]. Since i7str,± changes 
N by ±1 and by ±2, it changes ms/2 + A by 0 or 2 
and therefore conserves r]{ms,N) as defined above. It is 
then straightforward to verify that the crossings and anti¬ 
crossings correspond to degenerate and near-degenerate 
dressed states with unequal and equal values of r]{ms^ N). 

Linearity of Xc with Ctrn •' The experimental data pre¬ 
sented in Fig. 3a of the main text was obtained by taking 
microwave ESR spectra for increasing values of the driv¬ 
ing strength of the cantilever, which we set by the voltage 
Vp used to drive the excitation piezo. The data shows 
near-perfect agreement with the calculated dressed-state 
spectra presented in Fig. 3b. From this match, we con¬ 
clude that Ltm oc Vp and since Vp (x Xc [9] , the linearity 
stated above follows. This observation has relevance for 
the strain-induced coherent manipulation of NV spins in 
that potential nonlinearities could be an obstacle to de¬ 
terministic, coherent strain-driving. 


S2. Limits to decoupling by mechanical driving 

Thermal noise of the cantilever: The total root-mean- 
square (RMS) thermal noise amplitude of a cantilever 

amounts to Xth = with ks = 1.3 • 10“^^ J/K 

Boltzmann’s constant, T the temperature and k the os¬ 
cillator’s spring constant. For a singly clamped cantilever 
k = [40], with Youngs modulus F, cantilever width 

re, thickness t, and length 1. For our diamond cantilevers 
with typical dimensions w ^ 2 /rm, t ^ 1 /rm, I ^ 20 /rm 
and E = 1220 GPa, we find k = 76 N/m and therefore 
Xth ^ 10 pm. 

Temperature fluctuations: Temperature fluctuations 
of the diamond sample over the course of the experi¬ 
ment could also lead to damping of the measured Ram¬ 
sey fringes. This is caused by the non-negligible depen- 
dance of the zero field splitting parameter Dq on tem¬ 
perature, which was recently measured to be dDQ/dT= 
—78 kHz/C° [41]. The dephasing of our measured Ram¬ 
sey fringes (Fig.3 of the main text) occurs at a rate of 
^ 71 kHz and could thus be explained by temperature 
variations of ^ 1.1 C°. 


We determined the physical amplitude of our cantilever 
excitation, by observing the reduction in fluorescence of a 
single NV close to the end of the cantilever as a function 
of excitation voltage. We have described this method 
in detail elsewhere [9] and used it to calibrate the can¬ 
tilever’s mechanical susceptibility Xm to the piezo drive 
amplitude, for which we found Xm = 12 nm/V. For the 
experiment presented in Fig.Id of the main text, we em¬ 
ployed a piezo voltage of 8 Vpp, which resulted in the 
cantilever amplitude Xc ^ 100 nm, which we quoted in 
the text. 


S4. Experimental details regarding Ramsey 
spectroscopy 


For the Ramsey spectroscopy presented in Fig.4a of 
the main text, we employed the pulse sequence shown on 
the top of Fig.4 with a pulsed microwave field strength 
llMw/ 27 r = 1.29 MHz and frequency co’Mw/ 27 r — Dq = 
6.83/2 MHz. This value of co’Mw/27r corresponds to a 
spectral position roughly in the center of the two dressed 
state transitions, i.e. to a symmetrical detuning of 
^ ±1 MHz of the microwave to these transitions (see in¬ 
set in Fig.4a). The microwave Rabi frequency Ltuw was 
thereby strong enough to drive both detuned transitions 
but also induced some unwanted population in |+1, — 1) 
and 1+1,0). These populations led to the fast oscillating 
and highly damped signal visible for r < 5 /is in Fig.4a. 


In order to fit the Ramsey data in Fig.4, we used 
a sum of cosines with Gaussian decays [42] for both 
dressed states and the uncoupled hyperfine states. In 
the un-driven case (Fig.4b) we use the fitting function 
exp [-(r/T 2 *)^] Y.mi cos(27r(5TO,r + where 

and 0^. are the population, microwave-detuning 
and initial phase for the hyperfine state |+l,m/). 
In the driven case, the dressed state coherences de¬ 
cay on a different timescale as compared to the bare 
hyperfine states. We therefore employed the fitting 
function exp /3ds !]*£{+_} cos(27r(5_Ds,jT+ 


<t>DS,i) + Em,e{-i,o} exp Pj cos(27r(5„^T + 

where parameters are defined as before and the 
subscript “DS” indicates fit paramters related to dressed 
states. Note that, due to the onset of off-resonant dress¬ 
ing of 1+1,—1) and 1+1,0), these states showed slightly 
increased decay times as compared to the completely un¬ 
driven case and in particular, each needed to be fit with 
its own decay time Tf ^.. 






